We use high-energy X-ray diffraction microscopy (HEDM) to characterize the microstructure of Ni-base alloy 725. HEDM is a non-destructive technique capable of providing three-dimensional reconstructions of grain shapes and orientations in polycrystals. The present analysis yields the grain size distribution in alloy 725 as well as the grain boundary character distribution (GBCD) as a function of lattice misorientation and boundary plane normal orientation. We find that the GBCD of Ni-base alloy 725 is similar to that previously determined in pure Ni and other fcc-base metals. We find an elevated density of R9 and R3 grain boundaries. We also observe a preponderance of grain boundaries along low-index planes, with those along (1 1 1) planes being the most common, even after R3 twins have been excluded from the analysis.
I. INTRODUCTION
CERTAIN behaviors of polycrystalline materials are governed by grain boundaries (GBs). Examples include grain growth, [1] plastic deformation, [2, 3] fracture, [4] oxidation, [5] corrosion, [6] and creep. [7] Since GBs exhibit a wide variety of structures and properties, it has become important for metallurgists to know the distribution of GB types in polycrystalline solids. In this work, we use high-energy X-ray diffraction microscopy (HEDM) [8] to characterize the grain boundary crystallographic character distribution in Ni-base alloy 725: a material developed for use in highly corrosive environments. [9] Absorption of hydrogen from an acidic environment into high-strength alloys may result in loss of ductility. [10] [11] [12] Brittle fracture of materials, especially those operating in harsh conditions, often occurs along grain boundaries and sometimes leads to unexpected failure. Information about the distribution of grain boundary types in the alloy may lead to improved lifetime predictions and the design of materials with reduced susceptibility to environmental degradation.
A full description of the state of a given GB requires five macroscopic parameters that describe the crystallography of the boundary as well as a much larger number of parameters detailing its microscopic state. In the present work, we focus on just the five crystallographic parameters: [13] three rotation angles to describe the misorientation between the two crystals that form the boundary and two spherical angles that specify the orientation of the boundary plane. [14] Both misorientations [15] and boundary plane orientations [16] affect GB properties. While the misorientations of grains on the surface of a polycrystal may be measured using electron backscatter diffraction (EBSD), [17, 18] finding the boundary plane orientation requires three-dimensional (3D) characterization of GB shapes and locations.
Techniques for finding GB plane orientations include serial sectioning followed by microscopic analysis of section planes [19, 20] and stereoscopic approaches. [21] Using such methods, Li et al. [22] investigated GB networks in polycrystalline nickel, while Dillon and Rohrer [23] characterized GB character distributions in yttria. The drawback of these methods is that they are labor intensive and destructive. On the other hand, all five macroscopic parameters may be simultaneously measured by 3D X-ray diffraction measurements, such as HEDM, [24] as well as by imaging methods such as transmission electron microscopy (TEM) [25] or transmitted light microscopy using a polarizing microscope equipped with a universal stage. [26] Of these three, HEDM is the best suited to high-throughput studies. However, it requires access to an advanced x-ray source.
The objective of this study is to examine the grain boundary character distribution (GBCD) in Ni-base alloy 725 using near-field high-energy X-ray diffraction microscopy (nf-HEDM). [8, 27, 28] The measurement, conducted at the Advanced Photon Source (APS) beamline 1-ID, maps out crystallographic orientations over a volume of material containing thousands of distinguishable grains. The nf-HEDM generates two-dimensional (2D) maps of crystallographic orientations with~3 lm spatial and~0.1 deg orientation resolution. Consecutive 2D maps are then integrated into a fully 3D reconstruction of the microstructure. [29] nf-HEDM is a non-destructive technique and therefore allows for additional measurements on the same sample.
II. EXPERIMENTAL PROCEDURE
In the present study, the Ni-base alloy 725 specimen is a 1-mm-diameter core, 30 mm in length, extracted via electrical discharge machining from the interior of a tensile test specimen, parallel to the tensile axis. The tensile test specimen was subjected to cathodic hydrogen charging and was loaded in tension until it failed by intergranular fracture with minimal necking upon loading. While secondary cracks are present in the specimen, the scanned region reported in this work is from an area approximately 1 mm below the fracture surface. Tomographic analysis confirms that this area is devoid of any secondary cracks. Thus, we do not believe that hydrogen charging or mechanical testing altered the GBCD or any part of the grain structure in the scanned region. HEDM analysis of fracture surfaces and secondary cracks in this sample will be presented in a follow-up study.
A schematic of the nf-HEDM experimental setup, [8] as implemented at the 1-ID beamline at the Advanced Photon Source, is shown in Figure 1 . A line-focused beam illuminates a cross-section of the sample and diffraction is imaged in transmission. Here, the diameter of the specimen and the distance from the sample to the detector are of the same order of magnitude [30] which, together with the small scattering angles associated with high-energy X-rays, implies that the position of diffraction spots on the detector is determined by both the position of origin of the diffracted beam within the cross-section and the scattering geometry. This fact yields spatial resolution but also requires that images are collected at multiple rotation axis-to-detector distances as shown. At each distance, a series of detector images, integrated over small rotation intervals, dx, are collected as the sample rotates about x; data collection spans a range, Dx, typically 180 deg. Successive cross-sections are probed to yield a three-dimensional map of the microstructure.
The high-resolution imaging detector [8] is a custom-built system comprising a 2k by 2k CCD camera and 59 optics which couple the CCD to focus on a free-standing, single-crystal, 25-micron-thick LuAG:Ce scintillator oriented normal to the incident beam. The scintillator converts high-energy X-rays to green light which is imaged on the CCD. The effective pixel size on the scintillator is experimentally determined to be 1.48 lm. The scintillator is thin in order to avoid smearing of diffraction images due to their variable and non-normal incidence angles; this requirement yields low quantum efficiency in stopping high-energy x-rays which, in turn, makes data acquisition unfortunately slow.
In the current measurement, we used 64.351 keV X-rays generated by APS undulator A with 3.2 cm period; the 1-mm-diameter mostly nickel sample represents approximately one 1/e absorption length for these X-rays. The measurement was carried out in the 1-ID-B hutch which is located 37 m downstream of the source. The beam was focused in the vertical direction by refractive silicon sawtooth lenses to a height of~4 lm, while the width was confined to 1.2 mm by slits. We used dx = 0.5 deg integration intervals collected over 180 degrees at each of two detector distances, L = 5.934, 7.889 mm (determined through a self-consistent optimization described below); for every 20th layer, we added a third measurement at L = 9.861 mm. The counting time for each integration interval was 0.5 seconds. A total of 40 layers with a spacing of 8 mm were measured. While smaller dx intervals and/or additional detector positions could be used to improve resolutions, the present values were chosen as a trade-off between data volume and measurement time and the previously observed micron scale position resolution and 0.1 deg orientation resolution. [30] [31] [32] [33] [34] We reconstruct the 3D microstructure from nf-HEDM diffraction data using the forward modeling method, [28, 34] which converts the detector images to real space maps of crystallographic orientation for each sample plane. [28, [30] [31] [32] [33] [34] This method optimizes the agreement between the experimental data and simulated scattering from the reconstructed crystallographic orientations assigned to a fine triangular mesh on a plane. The sample space is discretized with a grid of equilateral triangles of size 8 lm with each triangle assigned an orientation independently of its neighbors; this choice, combined with the 8 lm layer spacing, sets the spatial resolution of our analysis to be roughly isotropic at 8 lm. The discretization of sample space, which is on a length scale much smaller than the grain size, as shown below, results in measurement sensitivity to intragranular orientation variations. Broad coverage of the sample rotation, x, leads to isotropic resolution in both orientation and space as well as signal averaging of noisy and weak scattering. [30] A Monte Carlo optimization of the experimental geometry (e.g., the L-distances) is carried out using both a fiducial gold wire sample and, when necessary, the three L-distance layer measurements. [34] Readers are referred to References 28 and 34 for details regarding microstructure reconstruction from nf-HEDM data. In the current measurement and analysis, we resolve grain cross-sections as small as one voxel, but resolving boundary inclinations requires multiple observations in multiple cross-sections.
Microstructural quantities, such as GBCDs, may be extracted from the 3D reconstruction of nf-HEDM diffraction data using commercially available data processing software, [35] such as Avizo.
[36] DREAM.3D is another analysis tool developed specifically for processing 3D orientation maps. [37] [38] [39] [40] Output from DREAM.3D may be further visualized using the open source software package ParaView. [41] We use DREAM.3D to place the serial-sectioned data on a grid and to calculate the distribution of grain sizes and the GBCD. This platform enables us to reconstruct the 3D grain boundary network and characterize each GB by the lattice misorientation, DR, and boundary plane orientation,n. The GBCD, k(DR,n), is defined as the area-weighted frequency with which different types of GBs occur in a polycrystalline material and is measured in units of multiples of a random distribution (MRD). Values greater than one indicate GBs observed more frequently than those expected in a polycrystalline material with randomly oriented grains. [42] 
III. RESULTS AND DISCUSSION
To reconstruct the microstructure of the Ni-base alloy 725 sample, we must determine the cubic lattice parameter, a, of its individual grains. To this end, we incrementally varied the lattice parameter in the reconstructions and calculated the reconstruction confidence parameter, C. Confidence is defined for each voxel as the fraction of Bragg peaks generated from the optimized orientation that overlap with the observed diffraction spots at more than one detector distance, L. [28, 30] Figure 2(a) plots the average of C on a single cross-section of the HEDM reconstruction as a function of a. It also presents confidence plots for this cross-section at selected values of a, showing only those voxels with C > 0.2. We find that the confidence increases or decreases simultaneously at every location in the reconstruction as the lattice parameter varies. In addition, previous elemental characterization showed a uniform Cr distribution, suggesting a uniform lattice parameter. [43] Moreover, we find the same optimal lattice parameter in each layer of the HEDM reconstruction. Thus, to a very good approximation, each grain may be taken to have the same lattice parameter. The lattice parameter that yields the best confidence is 3.602 Å , which is in good agreement with the value reported in Reference 44 for alloy 725. The 3D microstructure reconstruction shown in Figure 2(b) is created in DREAM.3D using this lattice parameter value and displayed using ParaView. The present analysis does not reconstruct the microstructure of the entire cylindrical sample, but rather a hexagonal prism circumscribed by it.
The reconstruction identified~1250 grains in a 0.2 mm 3 volume. Figure 3 shows the normalized grain size distribution of the sample. Prior EBSD characterization shows that the grains have low aspect ratios and that there is no clear preferred texture. [12] The average grain aspect ratios (quotients of the smallest and next-to-smallest dimensions to the largest dimension) in the sample are 0.41 ± 0.14 and 0.66 ± 0.15. We report grain sizes as the diameters of spheres of equivalent volume. The distance between the consecutive cross-sections in the HEDM measurement is 8 lm. Thus, no grain with size below 8 lm is included in the analysis. Consequently, the GBCD does not reflect the contribution of the smallest grains. The histogram bin widths are selected so as to avoid both over-and under-sampling. Usually, selecting a bin width equal to the grid spacing in the image produces a reasonable number of bins.
[45] Therefore, we choose a bin width of 8 lm for the present analysis.
Parameters M = 45.93 lm and r = 0.58 give the best log-normal fit to the grain size data:
where D is the sphere equivalent grain diameter. These parameters translate to a mean grain size of 54 lm and a standard deviation of 34 lm. The mean grain size calculated by direct averaging of grain diameters yields 54.8 lm. As shown in Figure 3 , the maximum of the population frequency occurs at a grain size of~33 lm.
The log-normal function is commonly used to describe grain size distributions in polycrystalline materials. [46] [47] [48] [49] Physically, the log-normal distribution is rationalized from the fact that grains nucleate from the melt at random locations and then grow at rates that depend on grain sizes. [47] The distribution of grain sizes in the present sample is similar to that of Ni-base alloy 100 in Reference 45 and Ni-base superalloy Rene´88DT in Reference 50.
We characterize grain boundaries using the coincident site lattice (CSL) model, in which GBs are assigned a ''coincidence index'' or CSL value (Rn), where n is the reciprocal of the density of coincidence sites that would be shared by overlapping crystals. We apply the Brandon criterion that specifies the angular tolerance within which a GB is considered a Rn CSL to be 15 deg/ Ön. [51, 52] This choice is conventional and should not be understood to represent the true spread of misorientations about specific R values in a GBCD. GB shapes are approximated by segmentation of the surfaces between two misoriented neighboring grains into a set of triangles. All five crystallographic parameters are computed independently for each triangle of this mesh. Therefore, variations in GB plane orientation due to GB curvature are naturally taken into account. In the present sample, the GBs are segmented into about 460,000 triangles. Then, GBCD determination has been carried out as a function of lattice misorientation and boundary plane normal orientation using a resolution of 5 deg (eighteen bins per 90 deg). This procedure has been discussed in more detail in Reference 53.
The distribution of GB misorientation angles in the Ni-base alloy 725 sample is shown in Figure 4 . For comparison, we also include the misorientation angle distribution of a randomly textured cubic material (the Mackenzie distribution). [54] The misorientation angle distribution in the present sample has two prominent peaks at~38.9 deg and~60 deg. Aside from these two peaks, the remainder of the measured misorientation angle distribution closely resembles the Mackenzie distribution. To better understand the origin of these peaks, we plot the distribution of misorientation axes for the GBs with the corresponding misorientation angles in the stereographic projections in Figure 5 . For GBs with a misorientation angle of 38.9 ± 2.5 deg, a clear peak at [1 1 0] is seen, while for a misorientation angle of 60 ± 2.5 deg a peak occurs at [1 1 1] . These results demonstrate that the former corresponds to a R9 GB, which has a misorientation of 38.9 deg about a [1 1 0] axis. The latter corresponds to another low-R grain boundary, namely a R3 GB, which has a misorientation of 60 deg about [1 1 1] and it is also known as twin boundary. Two different R3 GB morphologies forming a corner twin and a twin in the middle of parent grain found in the present sample are shown in Figure 6 . The maximum value of the distribution in Figure 5(b) is 183 MRD and it appears in a small portion of the plot area around the [1 1 1] axis. Indeed, as in pure metals, [22] most of the R3 peak fits within a single 1 deg bin in the misorientation angle distribution shown in Figure 4 . Thus, to exhibit the remaining variations in MRD, the contour range in Figure 5 (b) does not include this maximum.
The orientation distribution of grain boundary plane normals for all GBs, ignoring misorientation, is presented in Figure 7(a) . The minimum of the distribution occurs at (1 0 0) and the maximum occurs at (1 1 1) . The (1 1 1) plane, which is the most frequently occurring plane, is the closest-packed plane in the face-centered cubic (fcc) crystal structure. This trend persists even after excluding all R3 twin boundaries from the analysis, as shown in Figure 7(b) , but the maximum of the distribution drops from 2.8 to 2.4 MRD. As shown in Figure 5(b) , the contour ranges in Figure 7 do not Fig. 4 -Histogram of misorientation angles in the Ni-base alloy 725 sample. The bin size is 1 deg. The Mackenzie distribution of misorientation angles in a randomly textured cubic material [54] is shown for comparison. 358-VOLUME 48A, JANUARY 2017include these maxima so that the remaining variations in MRD are more clearly visible. R3 twin boundaries were identified as GBs with misorientation described by Euler angles / 1 = 45 ± 2.5 deg, F = 70.5 ± 2.5 deg, and / 2 = 45 ± 2.5 deg, as defined in Reference 22. Figure 8 shows the area distributions of GB plane normals for all R9 and R3 GBs plotted on a stereographic projection along the [0 0 1] axis. For clarity, the natural logarithm of the GBCD is plotted. For these projections, the [1 0 0] crystal axis lies along the horizontal axis in the projection plane, the [0 1 0] direction is vertical, and the [0 0 1] crystal axis is perpendicular to the projection plane. As depicted in Figure 8(a) , the misorientation axis [1 1 0] lies in the plane of the projection. GB planes with normals parallel to this axis are pure twist, while those along the perpendicular direction are pure tilt boundaries. For the R9 GBs illustrated in Figure 8(a) , the tilt GBs are favored over all other GBs and the minimum of the population occurs at the twist boundaries. The maxima are diffuse and include the asymmetric tilt boundary with interface normal (0 0 1)/(À4 À1 8) as well as other asymmetric R9 tilt boundaries. On the other hand, the orientation distribution of GB plane normals for R3 GBs, shown in Figure 8(b) , is strongly peaked at the position of the coherent twin, representing a strong preference for (1 1 1) twist boundaries with the area for all coherent twins equal to~5800 MRD (ln(5800) % 8.66). It can also be seen from the results that the minimum of area distributions of GB planes for R3 GBs occurs at the tilt boundaries.
The GBCDs reported above are similar to those of other fcc metals, including cold-worked nickel, [22, 35, 55] copper, [55] and iteratively thermomechanically processed a-brass. [56] In previous studies on nickel specimens, it has been shown that GBs with (1 1 1) plane normals have lower energies than other boundaries. [22, 57, 58] Experimental and computational studies have also shown that grain boundary areas and energies in nickel are inversely correlated, [22, 57, 58] and the asymmetric tilt grain boundaries with the R9 misorientation have relatively low energies. [22] In these studies, the area of GBs with R3 and R9 misorientation is considerably higher than other GBs. Unlike the GBCD in other materials, [59, 60] there is no other significant peak in misorientation angle distribution such as those that refer to the R27 grain boundary. Thus, we have not considered other special GBs as prominent GBs in the present sample.
The elevated incidence of R9 GBs in samples containing a high density of the extremely low-energy R3 GBs is to be expected: when three GBs meet at a triple junction and two of them are R3 GBs that do not have a common rotation axis, then the third GB must be a R9. [22, 61] Considering the similarity between the results of GBCD presented here and in the above-mentioned earlier studies on Ni, we conclude that the relative areas of different types of grain boundaries in Ni-base alloy 725 are also likely to be inversely correlated to relative grain boundary energies and are also heavily affected by twin formation. In particular, we expect that the GBs that appear with high frequency in Ni-base alloy 725 are also those that have low energies.
While early work pointed to the potential, [31] [32] [33] 62] there are no previous studies that have quantitatively determined the GBCD as a function of all five crystallographic parameters using the HEDM method. The present work therefore demonstrates that HEDM is a viable approach to measure GBCDs in polycrystalline metals. With the aid of this non-destructive experimental method, we showed several important deviations in the observed GBCD from that of a microstructure composed of randomly oriented grains. The experimental method used in the present study has the potential for future use in in situ analyses of GBCD evolution, e.g., during mechanical loading or thermal annealing. This method is also suitable for determining how cracks propagate through networks of GBs. The present results show that GB character in Ni-base alloy 725 is dominated by special GBs, mainly R9 and R3. If we merge the twins into the parent grains, then the misorientation angle distribution resembles a random distribution. It is of interest to determine whether special GBs play a governing role in the corrosion behavior of the material. This topic is the subject of another study-currently underway-that elucidates the effect of GB networks on the mechanical response of Ni-base superalloy 725 in hydrogen-rich environments. [63] Such studies will enable detailed analyses of the effect of GBs, grain orientation distributions, and GB plane normal distribution in the vicinity of crack surfaces even while the surrounding microstructure evolves.
IV. CONCLUSIONS
We employ high-energy X-ray diffraction microscopy to investigate the five-parameter grain boundary character distribution in Ni-base alloy 725. Using the forward modeling method, the raw detector images are converted to real space maps of the crystallographic orientation field. From this reconstruction, we determine the relative areas of different grain boundary types. The lattice parameter of the sample matches that expected based on the alloy composition. The grain boundary character distribution we observe resembles that observed in previous studies on fcc-base metals, including pure Ni. The distribution of grain boundary misorientation angles is peaked at 38.9 deg and 60 deg, corresponding to R9 and R3 grain boundaries, respectively. The plane normal distribution of the R3 grain boundaries is sharply peaked around {1 1 1} orientations, indicating that the majority are coherent twins. The plane normal distribution for R9 grain boundaries is more diffuse and includes the asymmetric tilt boundary (0 0 1)/(À4 À1 8) as well as other tilt boundaries in the R9 system. A preponderance of grain boundaries forms along low-index planes, with those along (111) planes being the most common. This result remains true even after coherent R3 twins have been excluded from the analysis. It appears to be correlated with the low surface energy and efficient atomic packing along the low-index planes in the fcc crystal structure. 
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